A b s t r a c t Changes i n ambient c o n d i t i o n s -p r e s s u r e , temp e r a t u r e , and h u m i d i t y -a f f e c t t h e exhaust emiss i o n s of a gas t u r b i n e engine. Such v a r i a t i o n s must be compensated f o r d u r i n g e n g i n e c e r t i f i c a t i o n . The r e s u l t s of a t e s t program employing a JT8D-17 combustor are p r e s e n t e d which q u a n t i z e t h e e f f e c t of c a r e f u l l y c o n t r o l l e d changes on unburned hydracarbons, carbon monoxide, and o x i d e s o f n i t r o g e n a t s i m u l a t e d i d l e o p e r a t i n g c o n d i t i o n s . A n a l y t i c a l r e s u l t s are given t o e x p l a i n t h e observed hydrocarbon and carbon monoxide behavior.
THE EFFECT OF AMBIWT CONDITIONS ON THE EMISSIONS OF
Changes i n ambient c o n d i t i o n s -p r e s s u r e , temp e r a t u r e , and h u m i d i t y -a f f e c t t h e exhaust emiss i o n s of a gas t u r b i n e engine. Such v a r i a t i o n s must be compensated f o r d u r i n g e n g i n e c e r t i f i c a t i o n . The r e s u l t s of a t e s t program employing a JT8D-17 combustor are p r e s e n t e d which q u a n t i z e t h e e f f e c t of c a r e f u l l y c o n t r o l l e d changes on unburned hydracarbons, carbon monoxide, and o x i d e s o f n i t r o g e n a t s i m u l a t e d i d l e o p e r a t i n g c o n d i t i o n s . A n a l y t i c a l r e s u l t s are given t o e x p l a i n t h e observed hydrocarbon and carbon monoxide behavior.
It is shown t h a t f o r a complete range o f p o s s i b l e ambient v a r i a t i o n s , s i g n i f i c a n t changes do occur i n t h e amount of pollut a n t s e m i t t e d by an i d l i n g gas t u r b i n e .
I n t r o d u c t i o n
Environmental P r o t e c t i o n Agency r e g u l a t i o n s p e r t a i n i n g t o emission s t a n d a r d s f o r gas t u r b i n e engines s p e c i f y maximum q u a n t i t i e s o f t h e p o l l u t a n t s p e c i e s which may h e exhausted d u r i n g a l a n d i n g and t a k e o f f c y c l e f o r e n g i n e i n l e t
c o n d i t i o n s corresponding t o t h o s e o f a s t a n d a r d day. However, only o c c a s i o n a l l y are ambient c o n d i t i o n s t h o s e of a s t a n d a r d day and i t i s n e c e s s a r y t o develop correct i o n techniques i n o r d e r to be a b l e to relate emis-
s i o n measurement8 as a c t u a l l y made from an e n g i n e o r combustor t o t h o s e which would have occurred on a s t a n d a r d day.
The e f f e c t of i n l e t p r e s s u r e , temperature, and humidity on t h e o x i d e s o f n i t r o g e n produced by an e n g i n e when o p e r a t i n g a t take-off power S e t t i n g s was noted q u i t e e a r l y by L i p f e r t l , and subsequently numerous c o r r e c t i o n f a c t o r s were formulated. A compilation and e v a l u a t i o n o f t h e s e h a s been rec e n t l y given by Ruhins and Marchionna2. For a comb u s t o r o p e r a t i n g a t i d l e c o n d i t i o n s a d d i t i o n a l corr e c t i o n s were developed by Marzeski and Blazowski3 t o account f o r t h e e f f e c t s o f nonstandard i n l e t p r e s s u r e and temperature an a l l emissions. For production samples of a given engine t h e e f f e c t of ambient temperature and p r e s s u r e on a l l emissions over t h e complete t h r u s t range h a s been c o r r e l a t e d by S a r l i e t a l . 4 . W i t h t h e e x c e p t i o n o f some limi t e d engine t e s t r e s u l t s given by Nelson e t a1.5 and Mosier and Roberts6 and t h e work r e p o r t e d by Allen and S l u s h e r 7 t h e e f f e c t of humidity on i d l e emissions a p p a r e n t l y h a s r e c e i v e d l i t t l e a t t e n t i o n although t h e extreme s e n s i t i v i t y of CO o x i d a t i o n t o t h e presence o f water vapor i s w e l l known. *This work was supported under NASA G r a n t NSG 3045, NASA Lewis Research C e n t e r , A i r b r e a t h i n g Engines D i v i s i o n , Robert E. Jones, Contract Monitor.
**Associate Research S c i e n t i s t , Department of + S t u d e n t s , Department of Aerospace Engineering and
Aerospace Engineering.
i.
Applied Mechanics.
I n o r d e r t o a s c e r t a i n t h e e f f e c t of ambient rel a t i v e humidity on gas t u r b i n e i d l e emissions a res e a r c h e f f o r t was i n i t i a t e d encompassing both experi m e n t a l and a n a l y t i c a l work. R e s u l t s generated d u r i n g t h e program are r e p o r t e d i n t h i s paper. Experimentally a n o n v i t i a t i n g combnstor rig was employed t o s i m u l a t e changing combustor i n l e t condit i o n s as g e n e r a t e d by changing ambient c o n d i t i o n .
Emissions measurements were made a t t h e combustor e x i t . A n a l y t i c a l l y f o r t h e carbon monoxide a k in e t i c r e a c t i o n scheme was a p p l i e d w i t h i n each zone of t h e combustor where temperatures and i n i t i a l s p e c i e s c o n c e n t r a t i o n s n o t only r e f l e c t e d l o c a l combustor c h a r a c t e r i s t i c s b u t a l s o changing ambient c o n d i t i o n s , w h i l e f o r t h e hydrocarbon emissions t h e v a p o r i z a t i o n of f u e l drops p a s s i n g through temperat u r e p r o f i l e s determined by l o c a l combustor condit i o n s and changing ambient c o n d i t i o n s was examined.
Experimental Prosram T e s t A D a r a t u s

The experimental program was conducted i n a c l o s e d d u c t test f a c i l i t y , d e s c r i b e d i n d e t a i l by Fear8, l o c a t e d i n t h e Engine Research B u i l d i n g o f t h e NASA L e w i s Research Center.
A s i n g l e JT8D-17 combustor can, shown i n cross s e c t i o n i n Fig. 1 , was s u p p l i e d w i t h t h e a p p r o p r i a t e q u a n t i t y of J e t A f u e l and n o n v i t i a t e d a i r t o s i m u l a t e combustor i n l e t c o n d i t i o n s corresponding t o s p e c i f i e d engine i n l e t p r e s s u r e , temperature, and humidity. The combustor i n s t a l l a t i o n and i n s t r u m e n t a t i o n are s h o w n i n F i g . 2.
The w a t e r c o n t e n t of t h e i n l e t a i r was c o n t r o l l e d by i n j e c t i n g demineralized w a t e r through a s p r a y n o z z l e i n t o t h e h o t a i r s u p p l i e d by t h e p r e h e a t e r approximately 5 m e t e r s upstream of t h e combustor thereby a s s u r i n g complete v a p o r i z a t i o n . c o n t e n t of t h e a i r s u p p l i e d by t h e p r e h e a t e r was c o n t i n u a l l y monitored and nominally q u i t e s m a l l (dew p o i n t of approximately 239 K). e m i s s i o n s were measured a c c o r d i n g t o SAE s p e c i f i c at i o n s 9 .
T e s t Conditions
The w a t e r
The combustor
The i d l e o p e r a t i n g c o n d i t i o n s , both nominal and as t e s t e d , are given i n Table I . I n r e l a t i n g t h e ambient v a r i a b l e s t o combustor i n l e t v a r i a b l e s , compressor p r e s s u r e r a t i o s of 2 t o 5 were chosen a l o n g w i t h a compressor e f f i c i e n c y of 80%. mass flow through t h e combustor was c a l c u l a t e d on t h e b a s i s of a c o n s t a n t compressor d i s c h a r g e Mach number or a c o n s t a n t r e f e r e n c e v e l o c i t y . S i n c e t h e mass flow i n t o t h e combustor c o n s i s t s of b o t h a i r and w a t e r , t h e combination of which may be cons i d e r e d as an o x i d i z e r , t h e f u e l flow was s e t t o maintain a c o n s t a n t f u e l l a i r r a t i o and not a cons t a n t f u e l l o x i d i z e r r a t i o . Because t h e combustor was of f i x e d geometry t h r e e d i f f e r e n t values of t h e o v e r a l l f u e l f a i r r a t i o were run in o r d e r t o a f f e c t l o c a l f u e l l a i r r a t i o s w i t h i n t h e combustor.
The
Experimental R e s u l t s R e p r e s e n t a t i v e values o f t h e measured emissions from t h e JT8D-17 combustor are given i n F i g s . 3-6 i n terms of t h e e m i s s i o n i n d e x , E1 = p,mS of p o l l u t a n t l k g of f u e l . A l l f i g u r e s correspond t o one s i m u l a t e d compressor d i s c h a r g e c o n d i t i o n -a pressure r a t i o of f o u r and a c o n s t a n t Mach number. On each f i g u r e t h r e e sets of d a t a a r e given-one f o r each o v e r a l l f u e l l a i r r a t i o .
For a l l o t h e r c o n d i t i o n s remaining c o n s t a n t a l a r g e r f u e l l a i r r a t i o g i v e s a h i g h e r comb u s t o r d i s c h a r g e temperature, T4. Within each o f t h e t h r e e f u e l l a i r r a t i o groupings two parameters are independently v a r i e d -t h e ambient temperature, To, and t h e r e l a t i v e h u m i d i t y , RH. For each of t h e t h r e e ambient temperatures considered d a t a p o i n t s are p r e s e n t e d f o r t h r e e r e l a t i v e h u m i d i t i e s w i t h t h e e x c e p t i o n of To = 244 K where an extremely small q u a n t i t y a f water corresponds t o s a t u r a t i o n and only one v a l u e o f r e l a t i v e humidity is given. For a f i x e d f u e l l a i r r a t i o and z e r o r e l a t i v e humidi t y i n c r e a s i n g ambient temperature i n c r e a s e s t h e combustor d i s c h a r g e temperature w h i l e f o r a f i x e d f u e l l a i r r a t i o and ambient temperature inc r e a s i n g t h e r e l a t i v e humidity d e c r e a s e s t h e comb u s t o r d i s c h a r g e temperature.
For t h e f i r s t two f i g u r e s t h e f o l l o w i n g t r e n d s are recognized.
For a f i x e d s e t o f ambient condit i o n s an i n c r e a s e i n t h e f u e l l a i r r a t i o l e a d s t o a d e c r e a s e i n t h e hydrocarbon and carbon monoxide emission index. For a f i x e d f u e l l a i r r a t i o and z e r o humidity an i n c r e a s e i n t h e ambient temperature causes a d e c r e a s e i n t h e emission index. For a f i x e d f u e l l a i r r a t i o and a given ambient temperature an i n c r e a s e i n t h e r e l a t i v e humidity causes an i ncrease i n t h e emission index, an e f f e c t which i s e s p e c i a l l y n o t i c e a b l e a t t h e h i g h e s t ambient temp e r a t u r e where s a t u r a t i o n corresponds t o t h e presence o f 8.12% o f mass water vapor.
For r e g u l a t o r y purposes t h e combustor d i s c h a r g e temperature, T 4 , i s n o t a convenient parameter, b u t it w a s thought t h a t i t s use would p r o v i d e i n s i g h t w i t h r e g a r d t o t h e processes o c c u r r i n g w i t h i n t h e combustor. For t h e hydrocarbons and carbon monoxide T4 does n o t uniquely determine t h e emissions. F u e l l a i r r a t i o , ambient a i r temperature, and ambient a i r humidity are a l l important. For a l l f u e l l a i r r a t i o s t h e s l o p e , [~( E I -H C )~~T~]~= O . O , i s less n e g a t i v e than t h e s l o p e , [~( E I -H C ) /~T~] R H =~,~, w i t h b o t h becoming less n e g a t i v e w i t h i n c r e a s i n g f u e l l a i r r a t i o s .
For a l l f u e l l a i r r a t i o s t h e s l o p e , [a(EI-Cfl)/aT4I~~.o.o. i s n e a r l y i d e n t i c a l w h i l e t h e s l o p e , [a(El-CO)/aT41~H=l.0, i n c r e a s e s with decreasi n g f u e l l a i r r a t i o . A t t h e h i g h e s t f u e l l a i r r a t i o t h e two s l o p e s are nearly i d e n t i c a l .
For t h e t h i r d f i g u r e t h e f o l l o w i n g w e l l known t r e n d s are e v i d e n t . F o r a f i x e d s e t o f ambient c o n d i t i o n s an i n c r e a s e i n t h e f u e l l a i r r a t i o l e a d s t o an i n c r e a s e i n t h e o x i d e s of n i t r o g e n emission index except a t t h e h i g h e s t a b s o l u t e humidity cond i t i o n s (To = 322 K, RH = 100%). For a f i x e d f u e l l a i r r a t i o and zero humidity an i n c r e a s e i n t h e ambient temperature causes an i n c r e a s e i n t h e emiss i o n index. For a f i x e d f u e l l a i r r a t i o and a given ambient temperature an i n c r e a s e i n t h e r e l a t i v e humidity causes a d e c r e a s e i n t h e emission index, a g a i n an e f f e c t which is q u i t e n o t i c e a b l e when t h e q u a n t i t i e s o f w a t e r vapor are l a r g e . For a given T4 a wide v a r i a t i o n i n t h e e m i s i s a n index i s ohvi- 
r e may be l a r g e d i f f e r e n c e s i n t h e emission index.
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I n t h e l a s t of t h i s group of f i g u r e s t h e n i t r ogen d i o x i d e emission index f o r t h e s m a l l e s t v a l u e o f t h e f u e l l a i r r a t i o shows t r e n d s i d e n t i c a l t o t h o s e d i s c u s s e d above f o r t h e t o t a l o x i d e s of n i t r o -
gen. I t i s d i f f i c u l t t o r e c o g n i z e a f u n c t i o n a l dependence of t h e emission index on ambient condit i o n s f o r t h e h i g h e r v a l u e s of t h e f u e l l a i r r a t i o . C o n s i d e r a t i o n of data c o l l e c t e d a t o t h e r simulated i d l e o p e r a t i n g c o n d i t i o n s w i l l d e l i n e a t e t h i s problem f u r t h e r .
I n t h e s e f i g u r e s only a l i m i t e d amount of t h e emission d a t a c o l l e c t e d i s p r e s e n t e d , i . e . a comp r e s s o r p r e s s u r e r a t i o of f o u r and a c o n s t a n t comp r e s s o r d i s c h a r g e Mach number. A comparison of a l l emission d a t a shows t h a t f o r a given p r e s s u r e r a t i o l i t t l e d i f f e r e n c e e x i s t s between t h e emission l e v e l s and t r e n d s f o r t h e case o f a c o n s t a n t r e f e r e n c e v e l o c i t y as compared t o t h e case of a c o n s t a n t compressor d i s c h a r g e Mach number. However, an i n c r e a s e i n t h e p r e s s u r e r a t i o does cause a d e c r e a s e i n h y d r ocarbon and carbon monoxide emission i n d i c e s and an i n c r e a s e i n t h e o x i d e s of n i t r o g e n and n i t r o g e n d
i o x i d e emission i n d i c e s . An examination of t h i s a d d i t i o n a l d a t a sliows t h a t t h e f u n c t i o n a l dependence o f t h e n i t r o g e n d i o x i d e emission index is i d e n t i c a l to t h a t of t h e t o r a l oxides of n i t r o g e n emission index as long as t h e combustor d i s c h a r g e temperature is less than approximately 900 K. Above t h i s temp e r a t u r e t h e expected q u a n t i t i e s of n i t r o g e n d i o x i d e do n o t appear. For a l l d a t a , t h e range i n ambient c o n d i t i o n s considered c e r t a i n l y produce l a r g e v a r ia t i o n s i n t h e emission i n d i c e s .
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Other combustor emission d a t a i s s u r p r i s i n g l y s i m i l a r t o t h a t c o l l e c t e d f o r t h e JT8D-17.
The emission d a t a of Marzeski and Blazowski3 was coll e c t e d u s i n g a T-56 combustor employing two d i f f e re n t f u e l s and d i f f e r i n g primary zone f u e l l a i r r a t i o s f o r a c o n s t a n t o v e r a l l f u e l l a i r r a t i o . The r e l a t i v e humidity of t h e i n l e t a i r was c l o s e t o z e r o . A lthough t h e a b s o l u t e v a l u e s of t h e emission i n d i c e s v a r y s l i g h t l y f o r i d e n t i c a l compressor r a t i o s t h e s l o p e s , [~( E I ) / S T~I R H =~.~, f o r hydrocarbons, carbon monoxide, and o x i d e s o f n i t r o g e n are n e a r l y i d e n t ical. A s i m i l a r i t y among combustors would ease t h e r e g u l a t o r y t a s k o f developing c o r r e c t i o n s f o r nonstandard i n l e t c o n d i t i o n s .
C o r r e l a t i o n F a y s 2
For r e g u l a t o r y purposes t h e convenient independent v a r i a b l e s i n a c o r r e l a t i o n e q u a t i o n are t h o s e a t t h e compressor d i s c h a r g e plane--3, T3, and humidity (HUM) -i n a d d i t i o n t o t h e f u e l l a i r r a t i o (FAX). employed t o g e n e r a t e such an equation f o r t h e emiss i o n index of each p o l l u t a n t s p e c i e s ( E l ) . R e c a u e o f t h e S i m i l a r i t y between t h e c o n s t a n t v e l o c i t y and Constant Mach number d a t a s e p a r a t e c o r r e l a t i o n s were n o t developed. The emission d a t a was f i t employing a s t e p w i s e m u l t i p l e l i n e a r r e e r e s s i o n D~O -
The d a t a c o l l e c t e d i n t h i s s t u d y w a s I
gram t o determine t h e c o e f f i c i e n t s i n a n e q u a t i o n of t h e following form:
where t h e r e s p e c t i v e dimensions a r e : El (lbm1103 l b m ) , p3 ( p i a ) , T3 (OR), and HUM (lhm water/lf13 lbm W air). The c o e f f i c i e n t s as determined by theprogram a r e given in Table I1 f o r two e x t r e m e s -a l l
d a t a c o l l e c t e d and various subcases s e l e c t e d t o maximize c o r r e l a t i o n . In t h e l a t t e r case f o r t h e hydrocarbons (HC) and t h e carbon monoxide (CO) t h e d a t a c o l l e c t e d a t a compressor d i s c h a r g e p r e s s u r e o f 2 atmospheres was n o t included i n t h a t combustion
is most marginal under t h e s e circumstances and f o r t h e c a s e of oxides o f n i t r o g e n (NOx) only t h e d a t a f o r a f u e l l a i r r a t i o o f 0.015 was included i n t h a t p r o d u c t i o n of o x i d e s o f n i t r o g e n is h i g h e s t under t h e s e c o n d i t i o n s . Graphically t h e agreement between t h e measured emission d a t a and t h a t p r e d i c t e d by t h e r e g r e s s i o n a n a l y s i s in t h e case of t h e sel e c t e d d a t a i s shown in Figs. 7-9.
The r e l a t i o ns h i p between t h e emissions and t h e ambient varia b l e s would appear t o b e adequately e s t a b l i s h e d .
A n a l y t i c a l E f f o r t
Model
The experimental r e s u l t s i n d i c a t e t h a t t h e HC and CO emissions are decreased by a n i n c r e a s i n g f u e l l a i r r a t i o , p r e s s u r e r a t i o , and ambient temp e r a t u r e , w h i l e they are i n c r e a s e d by an i n c r e a s i n g ambient humidity. For t h e NOx emissions t h e s i t u at i o n is j u s t t h e r e v e r s e .
emissions have been modelled t o account f o r a l l e f f e c t s l l . r e l e v a n t t o t h e production o f carbon monoxide i n t h e gas t u r b i n e combustor have been p r e v i o u s l y given by Morr e t a1.12 and a less d e t a i l e d model b u t i n c l u di n g l i m i t e d ambient a f f e c t s has been p r e s e n t e d by S a r l i 4 . y e t a c c u r a t e model of t h e combustion p r o c e s s occurr i n g w i t h i n a gas t u r b i n e combustor c o n f l i c t s w i l l arise. In t h e model considered h e r e i t i s suggested t h a t t h e combustor may be t r e a t e d as a p l u g flow r e a c t o r in which t h e r e is homogeneous r e a c t i o n between t h e p e r f e c t l y mixed f u e l and o x i d i z e r under i s o t h e r m a l c o n d i t i o n s corresponding t o t h e a d i a b a t i c flame temperature. A d d i t i o n a l l y , s i n c e t h e k i n e t i c s r e p r e s e n t i n g the o x i d a t i o n o f a complex hydrocarbon f u e l , such as J e t A, are only poorly understood methane is chosen as t h e f u e l f o r employment i n t h e a n a l y t i c a l e f f o r t .
I t is r e l e v a n t t o o b s e r v e , however, that a t t h e t e r m i n a t i o n of t h e primary zone s p e c i e s composition c l o s e l y approximating e q u i l i brium is achieved. P r e v i o u s hydrocarbon emission modelling conducted by Marchionna e t a l ? 3 i n d i c a t e s t h a t much of t h e emissions r e s u l t from t h e e s c a p e o f raw f u e l . Hence h e r e i t is n e c e s s a r y t o c o n s i d e r t h e v a p o r i z a t i o n o f f u e l d r o p l e t s as they p a s s i n a p l u g flow f a s h i o n through t h e combustor.
The
In a t t e m p t i n g t o d e f i n e a t r a c t a b l e b u t \/'
The combustor i n l e t c o n d i t i o n s corresponding t o t h e temperature, p r e s s u r e , and w a t e r c o n t e n t o f t h e compressor d i s c h a r g e mass flow are i d e n t i c a l t o t h o s e i n t h e experimental measurements. I n t h e s i t u a t i o n f o r t h e modelling o f t h e carbon monoxide t h e methane is i n s t a n t a n e o u s l y mixed w i t h t h e air and water vapor m i x t u r e i n t h e primary zone t o obt a i n t h e d e s i r e d equi+alence r a t i o . The mixture is then allowed t o r e a c t f o r a p e r i o d of t i m e corresponding t o an a p p r o p r i a t e primary zone r e s i d e n c e time a t a temperature which corresponds t o t h e a d ia b a t i c flame temperature. The primary zone combust i o n p r o d u c t s are then i n s t a n t a n e o u s l y mixed a g a i n w i t h a q u a n t i t y o f a d d i t t o n a l a i r t o , s i m u l a t e e n t r a n c e i n t o t h e secondary combustion zone. The mixture is a g a i n allowed t o r e a c t a t a temperature r e p r e s e n t i n g t h e new a d i a b a t i c flame temperature f o r a p e r i o d o f time r e p r e s e n t i n g an a p p r o p r i a t e
l u g flow f a s h i o n through t h e r e s p e c t i v e zones of t h e combustor where t h e amount o f v a p o r i z a t i o n is determined by t h e l o c a l a d i a b a t i c flame temperature and t h e l o c a l r e s i d e n c e time. Table 111 . rate c o n s t a n t is similar i n n a t u r e t o t h a t developed by K o l l r a c k l 6 , and i t is found t h a t t h e a n a l y t i c a l
Far b o t h p o l l u t a n t s p e c i e s t h e c a l c u l a t i o n p r o c e s s is i n i t i a t e d by d e t e r m i n i n g t h e a d i a b a t i c
flame t e m p e r a t u r e f o r each s i m u l a t e d compressor d i s c h a r g e c o n d i t i o n and a v a r i e t y of f u e l f a i r r a t i o s u s i n g t h e NASA CEC-71 Computer Programlb. Each f u e l l a i r r a t i o of course could correspond t o a d i ff e r e n t l o c a t i o n w i t h i n t h e combustor where t h e l o c a l v a l u e i s indeed a f f e c t e d by t h e o v e r a l l f u e l l a i r r a t i o . I n t h e c a s e of t h e carbon monoxide t h e m e t h a n e l a i r k i n e t i c scheme employed is that given by Ay and S i c h e l l 5 , l i s t e d inmodel is much more s u c c e s s f u l i n reproducing t h e magnitude o f t h e e x p e r i m e n t a l r e s u l t s when t h i s smaller v a l u e is used. I t may be worthwhile t o n o t e t h a t t h e s p e c i e s H 0 2 and NO2 a r e n o t included i n t h e r e a c t i o n scheme. Simultaneous s o l u t i o n of t h e r a t e e q u a t i o n f o r each s p e c i e s is o b t a i n e d u s i n g t h e NASA GCKP-72 Computer Programl7. The i n i t i a l s p e c i e s composition u t i l i z e d i n t h i s program d i f f e r s f o r each ambient c o n d i t i o n and f o r each combustor r e g i o n
. The i n t e g r a t i o n r o u t i n e i s c a r r i e d o u t f o r a p e r i o d corresponding t o t h e r e s i d e n c e time f o r each combustor region. R e p r e s e n t a t i v e f u e l l a i r r a t i o s and r e s i d e n c e times employed f o r t h e r e g i o n s w i t h i n t h e combustor are given i n Table I V . I n t h e caSe of t h e hydrocarbons l i m i t e d a t o m i z a t i o n d a t a e x i s t s f o r t h e JTBD-17 f u e l nozzle. A Resin-Rammler d r o p l e t s i z e d i s t r i b u t i o n f u n c t i o n was assumed which g i v e s t h e weight f r a c t i o n o f p a r t i c l e s , R, h a v i n g a d i a m e t e r l a r g e r than a given d i a m e t e r , x ,
The v a l u e o f t h e parameter i n d i c a t i n g t h e nonmonod i s p e r s e n a t u r e o f t h e s p r a y , q, was assumed t o b e s i m i l a r to t h o s e determined f o r a i r b l a s t a t o m i z e t s~3 .
The v a l u e o f t h e parameter r e l a t i n g t o t h e mean s i z e , b , was o b t a i n e d by f i t t i n g e x p e r i m e n t a l l y measured emission d a t a f o r a r e f e r e n c e case.
To c a l c u l a t e t h e amount of f u e l e v a p o r a t i n g t h e d r o p d i s t r i b u t i o n was d i v i d e d i n t o s m a l l segments and t h e usual d i a m e t e r squared v a p o r i z a t i o n l a w w a s a p p l i e d i n c l u d i n g c o r r e c t i o n s f o r c o n v e c t i v e enhancement of t h e v a p o r i z a t i o n as given by
(1 + .276 Re.5Pr.33).
and t h e P r a n d t l number, P r , 3s w e l l as o t h e t pert i n e n t v a p o r i z a t i o n parameters wore determined by t h e local c o n d i t i o n s i n each zon. of t h e combustor where t h e d r o p l e t s were allowed t o re..ie;;. f o r t h e a p p r o p r i a t e r e s i d e n c e t i m e .
The second
The Reynolds number, &e, A n a l y t i c a l R e s u l t s A l l r e s u l t s p r e s e n t e d h e r e a r e f o r a compressor p r e s s u r e r a t i o of f o u r .
Values o f t h e a d i a b a t i c flame temperature re-
f l e c t i n g t h e e f f e c t s o f ambient c o n d i t i o n s are given i n Fig. 10 . The well known e f f e c t of humidi t y on t h e flame temperature is c l e a r . A t a given f u e l l a i r r a t i o t h e e f f e c t o f humidity on t h e equivalence r a t i o may also b e s i g n i f i c a n t as shown in Fig. 11 . Fig. 1 2 f o 
The e f f e c t o f ambient c o n d i t i o n s on t h e amount o f CO a t t h e end o f t h e primary zone is shown i n a normalized f a s h i o n i n
r a primary zone r e s i d e n c e t i m e of one m i l l i s e c o n d . Here C i s d e f i n e d as t h e mole f r a c t
i o n of carbon monoxlde a t s t a n d a r d ambient c o n d i t i o n s (To = 289, RH = 0%) d i v i d e d by t h e mole f r a c t i o n of carbon monoxide a t nonstandard ambient c o n d i t i o n s . Three d i f f e r e n t primary zone e q u i v a l e n c e r a t i o s are c o n s i d e r e d , b u t
t h e e f f e c t s of ambient temperature and humidity changes are t h e same f o r each. An i n c r e a s e i n t h e ambient temperature causes an i n c r e a s e i n the carbon monoxide mole f r a c t i o n and a n i n c r e a s e i n t h e ambient humidity causes a d e c r e a s e i n t h e carbon monoxide mole f r a c t i o n . These e f f e c t s are p r e c i s e l y o p p o s i t e t o t h a t observed f o r t h e gas t u r b i n e b u t agrees w e l l w i t h t h e flame r e s u l t s o f MullerDethlefS and S c h l a d e r l * . simply e x p l a i n e d by c o n s i d e r i n g t h e e f f e c t of flame temperature on d i s s o c i a t i o n . The s p e c i e s p r e s e n t a t t h e end of t h e primary zone c l o s e l y correspond t o t h o s e which would be p r e s e n t f o r t h e case of chemical e q u i l i b r i u m . Miles19 a l s o f i n d s t h e same i n v e r s e ambient e f f e c t s when t h e primary zone i s t r e a t e d as a p e r f e c t l y s t i r r e d r e a c t o r employing a g l o b a l hydrocarbon k i n e t i c scheme. 
t i o i s considered and t h i s i s d i l u t e d t o lower f u e l l a i r r a t i o s i n t h e secondary and d i l u t i o n zones. D i f f e r i n g sequences are denoted by t h e d i f f e r e n t l y shaded symbols i n t h e f i g u r e s and f o r each sequence changes i n b o t h t h e ambient temperature and ambient humidity are c o n s i d e r e d . The r e s i d e n c e time f o r each of t h e t h r e e combustor r e g i o n s i s i n d i v i d u a l l y taken as f i v e m i l l i s e c o n d s .
The importance of t h e secondary zone on carbon monoxide emissions is i l l u s t r a t e d i n Fig. 1 3 where t h e products of combustion from a primary zone havi n g a f u e l l a i r r a t i o of 0.070 are exhausted a t a d i l u t i o n zone f u e l l a i r r a t i o of 0.015. The l a r g e s t l e v e l s o f carbon monoxide emission occur f o r t h e smallest v a l u e s o f t h e secondary zone f u e l l a i r r a t i o , i . e . the carbon monoxide o x i d a t i o n r e a c t i o n i s quenched. Examining t h e r e s u l t s f o r any one o f t h e secondary zone f u e l l a i r r a t i o s , t h e e f f e c t o f changing ambient c o n d i t i o n s on t h e carbon monoxide is e v i d e n t . For zero ambient humidity an i n c r e a s e i n t h e ambient temperature d e c r e a s e s t h e emissions w h i l e f o r a given ambient temperature an i n c r e a s e i n t h e ambienc humidity i n c r e a s e s t h e emissions.
are seen t o depend upon t h e f u e l l a i r r a t i o of t h e secondary zone. Fig. 1 4 l e a n e r secondary zones are p a i r e d with l e a n e r d i l u t i o n zones. Not s u r p r i s i n g l y t h e l e a s t carbon monoxide is produced by t h e sequence with t h e r i c h e s t secondary and d i l u t i o n zones. The e f f e c t o f d i f f e r i n g ambient temperature and humidi t y i s t h e same as discussed w i t h regard t o t h e [ a +~/ a T q l~~=~,~ d i f f e r from each o t h e r and depend upon t h e d i l u t i o n sequence. For a f i x e d geometry combustor o p e r a t i n g a t Constant r e f e r e n c e v e l o c i t y o r c o n s t a n t i n l e t Mach number an i n c r e a s e i n t h e primary zone f u e l l a i r r a t i o w i l l a l s o i n c r e a s e t h e secondary and d i l u t i o n f u e l l a i r ratios. This s i t u a t i o n is i l l u s t r a t e d by t h e flow sequences i n F i g . 15. Here a g a i n t h e secondary and d i l u t i o n zones are p a i r e d , t h e e f f e c t o f changing ambient c o n d i t i o n s i s a g a i n obvious b u t comparing leaner and r i c h e r primary zones t h e q u i t e similar f o r t h e lower v a l u e s of T4 and t h e former only s l i g h t l y mare n e g a t i v e than t h e l a t t e r f o r h i g h e r v a l u e s of T4. 
'.I
h comparison between t h e l a s t two flow sequences i n Fig. 14 and t h e f i r s t two flow sequences i n Fig. 1 5 , thereby e l i m i n a t i n g t h e p o s s i b i l i t y of c r e a t i n g a r i c h d i l u t i o n zone from a l e a n primary zone and v i c e v e r s a , shows t h a t t h e r i c h e r primary and subsequent zones g i v e lower carbon monoxide emissions.
For l e a n i d l e o p e r a t i n g c o n d i t i o n s carrespondi n g t o a combustor e x i t f u e l l a i r r a t i o o f 0.007 a s l i g h t m o d i f i c a t i o n o f t h e modelling scheme became n e c e s s a r y . C o n s i d e r a t i o n o f only t h r e e combustor zones as above produced v e r y l i t t l e carbon monoxide st t h e combustor e x i t p l a n e . An a n a l y s i s of t h i s problem i n d i c a t e d t h a t t o o small of a q u a n t i t y was b e i n g produced i n the lean primary zone-equival e n c e r a t i o s v a r y i n g between 0.45 and 0.65. In a lean a c t u a l combustor with a f u e l s p r a y , combustion w i l l occur a t approximately s t o i c h i o m e t r i c i n the d r o p l e t d i f f u s i o n flame and t h e s e p r o d u c t s of comb u s t i o n w i l l then be f u r t h e r d i l u t e d by t h e excess a i r p r e s e n t . A s i m i l a r approach w a s employed i n t h e C u r r e n t homogeneous c o v b u s t i o n model.
methane and o x i d i z e r were allowed t o r e a c t s t o i c h i o m e t r i c a l l y f o r a s h o r t p e r i o d of time-
.5 ms-chosen so as t o produce l a r g e amounts of carbon monoxide and then an i n i t i a l d i l u t i o n was allowed t o occur w i t h i n t h e primary zone t o some lower equivalence r a t i o where r e a c t i o n s w e r e allowed t o c o n t i n u e f o r t h e usual 5 m s . These p r o d u c t s were then exhausted i n t o t h e usual seconda r y and d i l u t i o n zones. The results o f such a c a l c u l a t i o n are shown i n F i g . 16 and t h e u s u a l ambient e f f e c t s may he recognized.
The
;\I
For t h e hydrocarbon emissions, c a l c u l a t i o n s were performed a t one overall f u e l l a i r . r a t i o of 0.011, The e f f e c t o f t h r e e d i f f e r e n t ambient condit i o n s on t h e f r a c t i o n of a drop evaporated a t t h e combustor e x i t plane f o r d i f f e r e n t diameter d r o p s i s p r e s e n t e d i n Fig. 1 7 . Because o f t h e e f f e c t on flame temperature c o l d and wet ambient air is e f f e c t i v e in s u p r e s s i n g v a p o r i z a t i o n . Through a combination o f t h o s e r e s u l t s and t h e p r e v i o u s l y d i s c u s s e d d r o p l e t d i s t r i b u t i o n f u n c t i o n t h e t o t a l q u a n t i t y o f hydrocarbon emission may b e c a l c u l a t e d and t h e r e s u l t s are p r e s e n t e d in Table V . For b o t h t h e s t a t i c and c o n v e c t i v e v a p o r i z a t i o n case, emiss i o n s are i n c r e a s e d w i t h r e s p e c t t o t h e b a s e level-322 K, 0% RH-though e i t h e r c o a l i n g of t h e ambient a i r o r through an i n c r e a s e i n t h e humidity of t h e ambient a i r . The emissions are more s e n s i t i v e t o wide humidity v a r i a t i o n s than wide temperature changes.
Experimental and A n a l y t i c a l Comparisons
Both c o l l e c t e d and c a l c u l a t e d r e s u l t s show t h a t f o r zero ambient r e l a t i v e humidity an i n c r e a s i n g ambient temperature d e c r e a s e s hydrocarbon and carbon monoxide e m i s s i o n s and t h a t f o r a given ambient i n c r e a s e s hydrocarbon and carbon monoxide emissions.
temperature an i n c r e a s i n g ambient r e l a t i v e humidity
t o 20 where t h e emissions a t s t a n d a r d c o n d i t i o n s ate d i v i d e d by t h o s e a t nons t a n d a r d c o n d i t i o n s and p l o t t e d as a f u n c t i o n o f ambient temperature w i t h r e l a t i v e humidity as a
parameter. The agreement in t h e magnitude o f t h e emission changes is r e a s o n a b l e , however t h e k i n e t i c c a l c u l a t i o n s are u n a b l e t o p r e d i c t a s u f f i c i e n t l y l a r g e i n c r e a s e in t h e carbon monoxide e m i s s i o n s w i t h increasing humidity. A t p r e s e n t t h e r e a s o n f o r t h i s disagreement is n o t known, b u t any comp a r i s o n is a f f e c t e d by t h e path chosen i n t h e k i n e t i c model by which t h e primary zone combustion For t h e hydrocarbon emissions as given in Table V , t h e p r e d i c t e d e f f e c t of changing ambient c o n d i t i o n s is much less s e v e r e than t h o s e a c t u a l l y observed. However, t h i s disagreement is b e l i e v e d in p a r t due t o t h e changing c h a r a c r e r o f t h e f u e l s p r a y as ambient c o n d i t i o n s v a r y . I n t h a t t h e d a t a was run a t a c o n s t a n t f u e l l a i r r a t i o as w a t e r r e p l a c e d air w i t h i n c r e a s i n g humidity, i t was necn e c e s s a r y t o d e c r e a s e t h e f u e l flow which caused may r e s u l t from engine c o n t r o l systems r e a c t i n g t o changing ambient c o n d i t i o n s w h i l e a t t e m p t i n g t o maintain a c o n s t a n t T4 may s i g n i f i c a n t l y a f f e c t emissions. 
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